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INTRODUCTION
Hepatocellular carcinoma (HCC) is the sixth most common cancer and the third most common cause of cancer death in the world. 1 In the United States, hepatitis C is the greatest contributor to both the occurrence of HCC and its observed increased incidence over the last 20
years. Among persons with chronic hepatitis C, risk factors for the development of HCC are incompletely understood. HCC has been found primarily, but not exclusively, in patients with cirrhosis. In addition to the degree of liver fibrosis, biochemical markers of advanced liver disease (e.g., low platelet count, low albumin), presence of esophageal varices, diabetes, obesity, and use of tobacco and excessive alcohol have been associated with an increased risk for HCC. The risk of HCC is decreased in patients with chronic hepatitis C who achieved a 10-26-2010 sustained virological response (SVR) to interferon/ribavirin treatment; 2, 3 however, the effectiveness of interferon therapy in reducing HCC among patients with hepatitis C virus (HCV)-related cirrhosis who did not achieve an SVR is unclear.
The Hepatitis C Antiviral Long-term Treatment against Cirrhosis (HALT-C) Trial was a randomized, multi-center trial to determine whether 3.5 years of half-dose pegylated interferon (peginterferon) treatment reduced liver disease progression among patients with hepatitis C and advanced fibrosis who were nonresponders to peginterferon and ribavirin. Analysis of the HALT-C Trial results after 3.5 years of treatment revealed that peginterferon did not reduce the overall risk of liver disease progression. 4 A subsequent report focusing on HCC development also showed no difference between the treated and control groups during and immediately after the period of maintenance peginterferon therapy. 5 We continued to follow the HALT-C Trial cohort off therapy for a total of up to 8.7 years to monitor for the development of decompensated liver disease and HCC. During the extended follow-up period, the number of patients with HCC increased progressively. The aims of the current analysis were: 1) to determine the incidence of HCC among the HALT-C Trial cohort after a longer duration of follow-up, 2) to identify factors associated with the development of HCC in the HALT-C Trial cohort, and 3) to ascertain whether maintenance peginterferon therapy had any delayed, posttreatment effect in preventing HCC.
PATIENTS AND METHODS
The design of the HALT-C Trial has been described previously. 4, 6 Briefly, patients with chronic hepatitis C had to meet the following criteria for enrollment: failure to achieve SVR after previous interferon treatment with or without ribavirin, the presence of advanced hepatic fibrosis on liver biopsy (Ishak fibrosis score ≥3), no history of hepatic decompensation or HCC, and the absence of defined exclusion criteria.
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All patients had been previously treated with one or more courses of interferon, with the most recent course being a combination of full-dose peginterferon and ribavirin. Patients who remained viremic during treatment and those who experienced breakthrough or relapse after initial response were randomized to maintenance therapy (peginterferon alfa-2a 90 µg weekly) or to no further treatment for the next 3.5 years. Following completion of the 3.5 years of the randomized trial, all patients were invited to continue follow-up without treatment until October
2009.
At entry, all patients were required to have an hepatic ultrasound, computed tomography (CT) or magnetic resonance imaging (MRI) with no evidence of hepatic mass lesions suspicious for HCC and to have a serum alpha fetoprotein (AFP) <200 ng/mL.
All patients had a liver biopsy performed prior to enrollment. Liver biopsies were repeated 1.5 and 3.5 years after randomization and reviewed by a panel of hepatic pathologists, blinded to randomization group. The Ishak scoring system was used to grade inflammation (histologic activity index [HAI] 0-18) and to stage fibrosis (0-6). 7 Liver biopsies performed for the diagnosis of HCC and liver explants from patients who underwent transplantation for HCC were also reviewed centrally. Patients were stratified at the time of randomization into two groups, those with cirrhosis (Ishak fibrosis stages 5 or 6) and those with noncirrhotic fibrosis (Ishak fibrosis 3 or 4).
All patients underwent upper gastrointestinal endoscopy at the time of randomization and 3.5 years after randomization for assessment of the presence and size of esophageal varices. For the current analysis, patients were categorized as not having varices (absent) or as having varices, regardless of their size.
HCC Surveillance and Diagnostic Criteria
Patients were scheduled to be seen every 3 months during the 3.5 years of the randomized trial and every 6 months thereafter. A complete blood count, a liver panel (albumin, Diagnostic liver biopsy and treatment for HCC were performed at the discretion of the investigators at each of the clinical sites.
Two definitions of HCC were adopted. 5 Definite HCC was defined by histologic confirmation or a new mass lesion on imaging with AFP levels increasing to ≥1,000 ng/mL. 
Statistical Analyses
Statistical analyses were performed at the Data Coordinating Center (New England
Research Institutes, Watertown, MA) with SAS® release 9.1 (SAS Institute, Cary, NC). Adherence to peginterferon was defined as remaining on peginterferon, regardless of dose, ≥2 years after randomization. For the analysis of adherence to peginterferon and risk of HCC, only patients without HCC up to 2.5 years and had regular follow-up were included; these criteria eliminated the possibility that peginterferon was discontinued because of the diagnosis of HCC. For analysis of viral suppression and risk of HCC, only treated patients who were tested for HCV RNA1.5 years after randomization and who also had no HCC up to that time point were included. Decrease in hepatic inflammation was defined as a reduction in HAI by ≥2
points between the year-1.5 biopsy and baseline biopsy. For analysis of decrease in hepatic inflammation and risk of HCC, only patients with a follow-up biopsy at year 1.5 and no HCC or liver transplantation before that time point were included.
RESULTS
Patient Characteristics
Of the 1,050 patients randomized, 90 met predefined criteria for HCC (presumed or definite), but two were excluded because they only met criteria for presumed HCC at the time of HCC diagnosis, did not receive HCC treatment, and did not meet criteria for definite HCC after more than 2 years of follow-up. Therefore, 1,048 patients were included in this analysis. The median duration of follow-up from randomization was 6.1 (range 0-8.7) years. Table 1 liver disease, higher AFP, higher HAI, and higher fibrosis score, and were more likely to have esophageal varices and to have been smokers.
Incidence of HCC
Of the 88 patients who met HALT-C Trial criteria for HCC, 68 had definite HCC (66 were histologically confirmed), while 20 had presumed HCC ( Figure 1A ).
When patients with cirrhosis at baseline were analyzed separately, however, significantly fewer of those randomized to receive peginterferon had a diagnosis of HCC than those randomized to no treatment, 6.8% (14/207) vs.15.5% (34/220), respectively (HR for HCC in patients randomized to receive peginterferon 0.45 [95% CI 0.24-0.83], P = 0.01). The cumulative incidence of HCC at 3, 5 and 7 years in the peginterferon group was 2.6%, 5.1%, and 7.8%, and, in the untreated control group, 4.0%, 11.1%, and 24.2%, respectively (log-rank test, P = 0.009). The absolute risk difference was 1.5% (95% CI -2.1%-5.0%) at 3 years, 6.1%
(95% CI 0.4%-11.7%) at 5 years, and 16.4% (95% CI 2.3%-24.1%) at 7 years; the incidence of HCC in the two treatment groups did not diverge until after year 4 ( Figure 1B ).
Among patients with noncirrhotic fibrosis at baseline, similar numbers of treated and control patients were found to have a diagnosis of HCC, 7.5% (23/308) vs. 5.4% (17/313), respectively (HR for HCC in these patients randomized to receive peginterferon 1.44 (95% CI, 0.77-2.69, P = 0.26). Seven of these 40 patients had no evidence of cirrhosis on any of the follow-up biopsies, surgically resected tumors or liver explants. In noncirrhotics, the cumulative incidence of HCC at 3, 5 and 7 years in the peginterferon group was 2.1%, 6.4%, and 8.3% and 10-26-2010 in the control group, 1.4%, 2.9%, and 6.8%, respectively; the incidence of HCC in the two treatment groups was similar throughout the duration of the study ( Figure 1B ). Cox regression with interaction confirmed an interaction between treatment group and fibrosis stratum (P = 0.01).
To determine whether the observed results could have been related to uneven distribution of patients with presumed HCC in the two treatment groups, we repeated the analysis after exclusion of the 20 patients who only met criteria for presumed HCC. The results were similar, HR for HCC in the treated group 0.43 (95% CI 0.21-0.89, P = 0.02) for patients with cirrhosis at baseline and 1.86 (95% CI 0.91-3.78, P = 0.09) for patients with bridging fibrosis at baseline.
Because a beneficial effect of peginterferon was not observed during the first 4 years, we repeated the analysis on 994 patients who were still alive, had not undergone liver transplantation, and did not have HCC up to 1400 days after randomization (roughly 3 months after completion of the randomized treatment phase or 3.75 years from randomization). The cumulative incidence of HCC at 5 and 7 years in the peginterferon vs. control groups was significant, 0.7% vs. 4.0% and 3.6% vs. 18.1%, respectively (log-rank test, P = 0.01) among patients with baseline cirrhosis and insignificant, 2.5% vs. 0.8% and 4.4% vs. 4.8%, respectively (log-rank test, P = 0.69) among patients with baseline bridging fibrosis ( Figure 1C ). The hazard ratios were 0.33 (95% CI 0.13-0.83, P = 0.02) for patients with baseline cirrhosis and 1.19 (95% CI 0.52-2.69, P = 0.69) for patients with baseline bridging fibrosis. For all patients combined, the HR was 0.64 (95% CI 0.36-1.14; P = 0.13).
Patients might succumb from a liver-related death or undergo liver transplantation and no longer be at risk for HCC; therefore, a competing risk analysis to estimate the effect of liver transplantation or liver-related death on the incidence of HCC was conducted. Similar numbers of patients in the peginterferon and control groups underwent liver transplantation or had liverrelated deaths (31 and 35 among patients with cirrhosis at baseline and 14 and 13 among 10-26-2010 patients with bridging fibrosis at baseline, respectively). The differences in the incidence of HCC between the peginterferon and control groups did not change after adjusting for these competing risks (HR 0.45, 95% CI 0.24-0.83, P = 0.01 for patients with cirrhosis at baseline and HR 1.44, 95% CI 0.77-2.69, P = 0.26 for patients with bridging fibrosis at baseline).
Impact of Duration of Peginterferon Treatment on Incidence of HCC
To further confirm the potential beneficial effect of peginterferon in reducing the incidence of HCC, we assessed the association between adherence to maintenance peginterferon and the incidence of HCC. For this analysis, treated patients were stratified into two groups: patients who were still receiving peginterferon (regardless of dose) ≥2 years after randomization and those who had stopped peginterferon <2 years after randomization but continued to be followed. Patients who received peginterferon for ≥2 years had a significantly lower incidence of HCC compared to those who were treated for <2 years (HR 0.36, 95% CI 0.16-0.82, P = 0.02) (Table 3) ; however, this difference was observed only in the patients with cirrhosis at baseline (HR 0.10, 95% CI 0.03-0.44, P = 0.002). Because patients who tolerated peginterferon treatment had less advanced liver disease (supplementary table) , we performed a multivariate analysis to determine whether the duration of peginterferon treatment was associated, independent of disease severity, with a reduced risk of HCC, which was, in fact, the case (see below).
Viral Suppression and Incidence of HCC
Of the 468 patients randomized to maintenance peginterferon and were evaluated for virologic response at year 1.5, 30/396 (7.6%), 1/36 (2.8%), and 1/36 (2.8%) patients with <2 log, 2-4 log, and ≥4 log decrease in HCV RNA were subsequently diagnosed to have HCC, HR for the patients with ≥2 vs. <2 log decrease in HCV RNA 0.38 (95% CI 0.09-1.59, P = 0.18).
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Association of Decrease in HAI with Decreased Incidence of HCC
In an earlier analysis of the HALT-C Trial data, we showed that maintenance peginterferon reduced HAI compared to no treatment. 4 To determine whether the effect of peginterferon on prevention of HCC was related to its effect in decreasing hepatic inflammation, we analyzed 426 patients in the peginterferon group and 416 in the control group who had repeat liver biopsies at 1.5 years. Treated patients who had an unchanged or increased HAI had a higher incidence of HCC than those who had a decrease in HAI by ≥2 points on the year-1.5 biopsy: 9.4% vs. 2.9% (HR 2.98 and 95% CI 1.14-7.81, P = 0.03) ( Table 4 ). The incidence of HCC in the control group was similar regardless of changes in HAI on the year-1.5 biopsy and comparable to that in the treatment group that did not have a decrease in HAI.
Multivariate Analyses for Predictors of HCC
We undertook stepwise Cox regression analysis to determine whether maintenance peginterferon had an independent effect in preventing HCC. Selected factors that were significant on univariate analysis: age, BMI, platelet, albumin, AST, alkaline phosphatase, total bilirubin, prothrombin time, esophageal varices, HAI, having ever smoked cigarettes, and other relevant factors including gender, black race, cirrhosis on baseline biopsy and treatment assignment were included in the model. To avoid over-fitting, several related laboratory markers that were significant on univariate analysis (Table 1) were not included in the model. Patients with cirrhosis on baseline biopsy assigned to peginterferon treatment had half the rate of HCC outcomes as those randomized to no treatment (HR 0.50, 95% CI 0.27-0.95) ( Table 5 ). In contrast, the rate of HCC outcomes in patients with fibrosis on baseline biopsy, when analyzed separately, was similar regardless of treatment assignment (p = 0.38). Older age, lower BMI, lower platelet, higher AST, higher alkaline phosphatase, and history of smoking were also associated with increased risk of HCC. When the analysis was limited to patients in the 10-26-2010 treatment group, ability to remain on low-dose peginterferon for ≥2 years was an independent predictor that HCC would not develop (HR 0.39, 95% CI 0.16-0.92).
Because presence of esophageal varices at randomization was a strong risk factor for HCC in a previous analysis of HALT-C Trial outcomes, 5 we examined the effect of their presence and development more closely, based on results from the baseline and year-3. 
DISCUSSION
Previously, we reported that maintenance peginterferon in the HALT-C Trial was not effective in preventing clinical or histological outcomes. 4 It has been suggested that the limited duration of follow-up in these reports may not have been sufficient to observe a clinical benefit of peginterferon as chemoprevention for HCC; 8 in this vein, retrospective studies have suggested that a benefit of interferon in reducing the occurrence of HCC may not be observed for 5 years or more. 9 Supporting this notion is a recent meta-analysis demonstrating that patients with hepatitis C who received interferon therapy had a significantly lower incidence of HCC but significant heterogeneity in the results limited confidence in this conclusion, and the duration of follow-up was an independent contributor to the heterogeneity. 3 The process of hepatocarcinogenesis is well recognized to take place over many years, and, even after HCC has developed, many months to years may elapse before the tumor can be detected clinically.
The HALT-C Trial investigators acknowledged the possibility that the initially planned follow-up period of 4 years from randomization (6 months after completion of randomized treatment) may 10-26-2010 have been too short to detect a benefit. 10 Therefore, the protocol was amended to extend the duration of follow-up.
With continued observation of this large cohort of patients with advanced hepatitis C for up to 8.7 (median 6.1) years, we found that the number of patients with HCC increased to 88 from 53 (including 5 prevalent cases diagnosed in the first year) in an earlier report. 5 Continued follow-up of the HALT-C Trial cohort for up to 5 years after the end of therapy did not show a statistically significant benefit of low dose peginterferon in reducing the incidence of HCC in patients with advanced hepatitis C who did not achieve SVR. In sub-group analysis, however, patients with cirrhosis at baseline assigned to treatment had lower risk of HCC.
Because of the unexpected difference among patients with cirrhosis between our previous and the current findings, we performed additional analyses to verify the consistency of the results. A beneficial effect of peginterferon was observed even when the analysis was restricted to patients with definite HCC (i.e., after exclusion of 20 patients with presumed HCC as defined by the protocol). In addition, a dose-response effect of peginterferon was apparent, as suggested by three findings. First, among patients randomized to receive peginterferon, multivariate analysis showed that those who stopped treatment before 2 years did not have a reduction in the risk of HCC after adjusting for laboratory markers of advanced liver disease.
Second, among patients receiving peginterferon, those experiencing a ≥2-point reduction in HAI had an approximately 3-fold reduction in HCC compared to those who did not have a reduction in HAI on follow-up liver biopsy. Third, in a regression analysis of factors associated with the development of HCC, including treatment assignment, peginterferon therapy was associated with an approximate 50% reduction in the incidence of HCC over a median of 6.1 year observation period among patients with cirrhosis at baseline even when adjusted for other risk factors including age, race, smoking history, and laboratory tests associated with advanced liver disease. Nevertheless, while analysis by the two pre-specified strata of histological severity (bridging fibrosis and cirrhosis) was warranted, why the effect of peginterferon was confined to 10-26-2010 patients with cirrhosis is unclear, and the possibility that this is a chance finding cannot be excluded.
A small randomized controlled trial by Nishiguchi et al 11 was the first to suggest that interferon may reduce the risk of HCC in patients with HCV-related cirrhosis. This report was followed by many other reports, mostly from Japan and Europe. The majority of these studies were retrospective or cohort studies comparing the incidence of HCC in patients who had received interferon for 6-12 months with historical or concurrent patients who had not received treatment. The median duration of follow-up ranged from 2 to 15 years. Most studies showed a benefit of treatment, although the effect was predominantly seen in patients who achieved SVR.
In addition, three independent meta-analyses suggested that interferon therapy decreased the incidence of HCC in patients with chronic hepatitis C 3, 12, 13 In the most recent of these metaanalyses, the relative risk (RR) of HCC for treated vs. untreated patients was 0.43 (95% CI 0.33-0.56, P<0.00001) and for patients with SVR vs. without SVR was 0.35 (95% CI 0.26-0.46, P<0.0001); however, only four of the studies included were randomized controlled trials.
Few studies have compared the incidence of HCC in interferon nonresponders and untreated patients. In two large retrospective studies, the incidence of HCC in these two groups was similar. HCC developed in 14% (20/148) of nonresponders and 12% (19/144) of untreated patients in the study by Imai et al 14 and in 11% (39/342) of nonresponders and 10% (54/562) of untreated patients in the study by Yu et al. 15 As was true for the 3.5-year randomized phase of the HALT-C Trial, two other studies of long-term, low-dose peginterferon (COPILOT and EPIC3)
in patients with advanced fibrosis or cirrhosis showed no benefit of treatment on overall clinical outcomes or HCC. 16, 17 To date, however, only preliminary data on outcomes up to 4 years have been reported in these two studies.
The mechanisms by which peginterferon might prevent HCC are not clear. Certainly, achieving an SVR is associated with a reduction in HCC. Indeed, patients in HALT-C trial who achieved SVR after 48 weeks of combination therapy had lower risk of HCC compared to lead- 10-26-2010 in phase nonresponders, HR 0.19, 95% CI 0.04-0.80. 18 Patients who had >2 log decline in HCV RNA after 1.5 years of low-dose peginterferon also had a lower incidence of HCC compared to those with <2 log decline but the difference was not significant and only 15.4% of the patients receiving low-dose peginterferon had >2 log decrease in HCV RNA after 18 months of treatment.
Interferon has been shown to have antitumor effects in some malignancies and may have other beneficial effects including antiproliferative and antiangiogenic effects. 19, 20 Chronic inflammation has been postulated to play a role in hepatitis B virus-(HBV) and HCV-related HCC. The observation that reduction in HCC incidence in the HALT-C Trial cohort was greater among the treated patients experiencing a reduction in HAI suggests that interferon may have acted through this pathway; however, absence of benefit among control patients with a reduction in hepatic inflammation indicates that interferon may exert its effects through other mechanisms and that a reduction in HAI on follow-up biopsies in interferon-treated patients may be a surrogate of other interferon effects.
The reasons for the apparent delay in the chemopreventive effect of peginterferon are also not known, but we speculate that the delay is related to the slow growth rate of HCC, estimated to have a median doubling time of 117 days. 21 In fact, the Gompertzian model would predict that an HCC may have been present for several years before reaching a detectable size. 22 Therefore, the HCCs diagnosed in the first 3 to 5 years may well have been present at enrollment into the HALT-C Trial. If, indeed, peginterferon prevented HCC, several years would have been required to detect this effect. In this study, the divergence in HCC incidence between the treated and control patients with cirrhosis at baseline was not apparent until after year 4.
Unfortunately, with the termination of this study, we could not determine whether the protective effect disappears or increases with longer follow-up. HCC is not as well described. Several prior reports suggested an association between smoking and histological severity of liver disease, 25 and a few reports have appeared of an association between smoking and HCC. 24, 26 In this study, smoking was a significant risk factor for HCC, even after adjustment for other risk factors. These data highlight the importance of counseling patients with liver disease on smoking cessation. Esophageal varices and more recently increase in hepatic venous pressure gradient had been shown to be predictors of HCC. 27, 28 We found that both presence of varices at baseline and incident varices were associated with increased risk of HCC underscoring the need to evaluate for portal hypertension in patients with advanced liver disease.
In an earlier analysis of the incidence of HCC in the HALT-C Trial cohort, we found that 17% of patients with HCC had no evidence of cirrhosis on serial histology. 5 In the current analysis, 8% of HCC developed in patients who had no evidence of cirrhosis. The lower rate of HCC in noncirrhotic patients in the current analysis is related to the subsequent finding of cirrhosis on explant livers in some of the earlier patients and a higher probability that patients diagnosed with HCC during the last two years of the HALT-C study had progressed from 10-26-2010 bridging fibrosis to cirrhosis. These data confirmed that HCC can occur in non-cirrhotic patients but the rate is low and the cost-effectiveness of HCC surveillance in these patients is unclear.
In conclusion, extended follow-up of the HALT-C Trial cohort showed a modest benefit of long-term peginterferon therapy in reducing the incidence of HCC in patients with hepatitis C and cirrhosis but not in those with advanced precirrhotic fibrosis, an effect that took several years after completion of therapy to become apparent. Although the results were corroborated in multiple sub-analyses, the clinical implications are not clear. Given the marginal beneficial effect and its restriction to only part of the HALT-C Trial cohort, that no overall long-term benefit on mortality was observed in this cohort, 29 and given the side effects of peginterferon, necessitating dose reduction or discontinuation in a substantial number of patients, the utility of maintenance peginterferon therapy to prevent HCC in patients with HCV-related cirrhosis is doubtful. Patients were excluded if they were followed for less than 2.5 years, were diagnosed with HCC before 2.5 years, or missed either their 0.5 or 1.5 year visits. ** Results of forward and backward selection of variables. Age, BMI, platelet, albumin, AST, alkaline phosphatase, total bilirubin, prothrombin time, esophageal varices, HAI, ever smoked, were selected from variables significant on univariate analysis, and cirrhosis, treatment, gender, and black race were "forced" into the model.
